METHOD OF DESIGNING COLLIMATOR ARRAY DEVICE AND COLLIMATOR 
ARRAY DEVICE MANUFACTURED THEREBY 



BACKGROUND OF THE INVENTION 

Field of the Invention: 

The present invention relates to a method of designing a collimator ar- 
ray device which is used as an optical path changing switch module, an optical demulti- 
plexing filter module, or the like, in an optical communication system, and a collimator 
array device manufactured by the method. 

In practice, the above-mentioned module is obtained by combining a 
collimator array device and an optical switch array, an optical demultiplexing filter, or 
the like. However, in the present application, the whole device is referred to as a colli- 
mator array device. 

Description of the Related Art: 

A general collimator array device (four by four optical switch modules) 
is shown in FIGS. 1 and 2. In FIG. 1, reference mark 1 indicates an emitting side fiber 
array. Reference mark 2 indicates an emitting side planar microlens. Reference mark 3 
indicates an optical switch array. Reference mark 4 indicates a receiving side ni- 
crolens. Reference mark 5 indicates a receiving side fiber array. The emitting side fiber 
array 1 and the receiving side fiber array 5 are respectively formed by installing a 
plurality of single mode optical fibers la and 5a between two sheets of silicon substrates 
6a and 6b. Lenses 2a and 4a, having diameters of about 250 ^m, are respectively 
formed in the emitting side planar microlens 2 and the receiving side microlens 4. 
Mirrors 3 a are provided per a pixel in an optical switch array 3. 

Mirror 3 a is made to reflect or transmit light by inserting the mirror of a 
minute size in the optical path or displacing therefrom, or by electrically varying the re- 



fractive index of the material for the front and the back of the reflection surface. There- 
fore, the channel can be changed between the emitting side fiber array 1 and the receiv- 
ing side fiber array 5 by combining the reflection and the transmission of each of the 
mirrors 3 a, arranged 4 by 4, of the optical switch array 3. 

The laser beam emitted from the end surface of the single mode optical 
fiber la installed in the emitting side fiber array 1 is collimated by the lens 2a formed in 
the emitting side planar microlens 2. The optical path of the collimated laser beam is 
deviated by the optical switch array 3, and thereafter, the laser beam is converged by the 
lens 4a formed in the receiving side microlens 4. The converged laser beam is made 
incident upon the single mode optical fiber 5a installed in the receiving side fiber array 
5. 

In FIG. 1, by giving predetermined mirrors 3 a to the optical path, the 
laser beam emitted from the optical fiber Al is made incident upon the optical fiber B4, 
the laser beam emitted from the optical fiber A2 is made incident upon the optical fiber 
B2, the laser beam emitted from the optical fiber A3 is made incident upon the optical 
fiber B3, and the laser beam emitted from the optical fiber A4 is made incident upon the 
optical fiber Bl. 

A laser beam is Gaussian beam the intensity of which is large in the 
center portion and small in the periphery portion. 

The feature of Gaussian beam is shown in FIG. 3. While the light emit- 
ted from the emitting side optical fiber la side is collimated by the emitting side lens 2a, 
converged by the receiving side lens 4a, and made incident upon the receiving side opti- 
cal fiber 5a, the collimated light is not parallel, i.e., it has a beam waist of2Wl width in 
the intermediate portion. In addition, it does not converge upon one point (focal point). 

In order to reduce the insertion loss at the receiving side, it is important 
that the end surface of the receiving side optical fiber 5 a be adjusted to accurately coin- 
cide with the beam waist position of the laser beam emitted from the receiving side lens 



4a and that the mode field diameter of the receiving side optical fiber 5 a and the width 
2W2 of the beam waist of the laser beam incident thereupon be adjusted to coincide 
(coupling). 

In order to accurately conduct such a coupling, it is necessary that the 
beam waist of the laser beam emitted from the lens 2a be positioned at half of the dis- 
tance between the emitting side lens 2a and the receiving side lens 4a, i.e., the optical 
length L. In other words, it is necessary that the distance dl between the end surface of 
the emitting side planar microlens and the beam waist be equal to L/2. 

In a case where the optical path of a laser beam is deviated by an optical 
functional element such as an optical switch array or the like, the optical length L from 
the emitting side planar microlens through the receiving side planar microlens is varied. 
For example, in FIG. 1, if one edge of a pixel of the optical switch aray is set at 1 mm 
(therefore, one edge of the array is 4 mm), and the distance between each of the emitting 
side planar microlens and the receiving side planar microlens and the optical switch ar- 
ray is set at 2 mm, the optical length of the laser beam emitted from the optical fiber Al 
and incident upon the optical fiber B4 is 1 1 mm (8 mm + 3 mm), which is the largest, 
and the optical length of the laser beam emitted from the optical fiber A4 and incident 
upon the optical fiber Bl is 5 mm (8mm- 3mm) which is the smallest. The standard 
value (8 mm) indicates the mean length in this case. 

As shown in FIG. 3, the laser beam passing from the emitting side lens 
2a through the receiving side lens 4a has a beam waist. Theposition of the beam waist 
is determined by the distance dO between the end surface of the emitting side optical 
fiber la and the emitting side lens 2a. Therefore, if the optical length L is different from 
the condition shown in FIG. 3, i.e., the position of the receiving side lens 4a is shifted to 
the left side or the right side in FIG. 3, the position of the beam waist 2W2 of the lser 
beam emitted from the receiving side lens 4a is varied, the positionof the beam waist 



2W2 is shifted from the end surface of the receiving side optical fiber 5a, and thereby 
the insertion loss is increased. 

Further, if the materials for the fiber arrays 1, 5 and the planar mi- 
crolenses 2, 4 are different, the linear expansivities thereof are also different. Therefore, 
in such a case, if thermal variation occurs, the core of the optical fiber is shifted from 
the center of the lens. 

SUMMARY OF THE INVENTION 

As mentioned above, when an optical functional array module is manu- 
factured by forming a collimator optical system comprised of a pair of fiber arrays and a 
pair of planar microlenses and inserting various optical functional elements into the cd- 
limated optical path, the optical length is shifted or varied with regards to the ideal value 
depending on the operation condition or the insertion position of the optical functional 
element, or the accuracy of fixing the components. The first purpose of the present in- 
vention is to provide an optimum designing method with regards to a collimator array 
optical system which is subject to the variation of the optical length. 

The problem that the optical length is shifted or varied with regards to 
the ideal value depending on the operation condition or the insertion position of the op- 
tical functional element, or the accuracy of fixing the components occurs to an optical 
system using a general convergent lens (a lens having positive power) as well as an op- 
tical system using a planar mircolens. Therefore, another purpose of the present inven- 
tion is to provide an optimum designing method with regards to an optical system using 
a general convergent lens. 

In order to solve the problem of the variation of the optical path, 
according to the present invention, there is provided a method of designing a collimator 
array device having an optical functional element, comprising the steps of: calculating a 
mean value La of the optical length L which is varied depending on the combination of 
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an emitting side optical fiber and a receiving side optical fiber, and obtaining the dis- 
tance dO between the emitting side fiber array and an emitting side lens in which the di- 
tance dl from the emitting side lens through the beam waist of the laser beam coll- 
mated by the emitting side lens is equal to La / 2. 

There are two values with regards to the distance dO between the emit- 
ting side fiber array and the emitting side lens in which the distance dl from the emi- 
ting side lens through the beam waist of the laser beam is equal to La / 2. The inventors 
of the present invention have acknowledged that the smaller value should be selected to 
reduce the insertion loss because of the variation of the optical length. 

The emitting side lens and the receiving side lens are not limited to a 
planar microlens. A homogenous lens such as a spherical lens; an aspherical len§ or the 
like; a graded index lens such as a graded index in radical direction rod lens, a graded 
index in axis direction spherical lens, or the like; and a grating lens such as Fresnel lens 
or the like may be used. 

The optical functional element varies the optical length L of the laser 
beam depending on the operation condition thereof. Specifically, an optical switch ar- 
ray or (an) optical demultiplexing filter(s) for changing the channel between the emit- 
ting side fiber array and the receiving side fiber array can be listed as examples of the 
optical functional element. 

Also, in order to achieve the second purpose of the present invention 
that the shift due to the thermal expansion be minimized, one edge or two adjacent 
edges of the emitting side planar microlens and the receiving side planar microlens are 
fixed, can the emitting side planar microlens and the receiving side planar microlens can 
expand or shrink in the same direction with regards to the optical axis in a case where 
thermal variation occurs. However, the other portions are not fixed. 

BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 shows a schematic structure of a general collimator array device; 

FIG. 2(a) is an enlarged view of the junction portion between the emit- 
ting side fiber array and the emitting side planar microlens observed in the direction 
designated by FIG. 2(b) and 2(c) shows another embodiment thereof; 

FIG. 3 explains the main feature of a Gaussian beam; 

FIG. 4 is a graph showing the relationship between the distance dO from 
the end surface of the emitting side fiber array through the end surface of the emitting 
side planar microlens and the distance dl from the end surface of the emitting side ph- 
nar microlens through the beam waist; 

FIG. 5 explains the relationship between the distance dO and the dis- 
tance dl shown in FIG. 4 in relation to the coupling condition; 

FIG. 6 is a graph showing the relationship between the variation of the 
optical length L and the insertion loss based on the distance dO; 

FIG. 7 shows a schematic structure of a collimator array device accord- 
ing to another embodiment of the present invention; 

FIG. 8(a) and 8(b) explains the shift from the optical fiber because of 
the thermal expansion of the planar microlens; 

FIG. 9 is a graph showing the relationship between the direction of the 
shift of the emitting side microlens and the receiving side microlens and the insertion 
loss; and 

FIG. 10 shows another embodiment of a method of fixing the planar 

microlens. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, embodiments according to the present invention will be 
fully explained with reference to the attached drawings. Since the structure of a coll- 



mator array device according to the present invention is the same as the conventional 
structure shown in FIGS. 1 and 2(a), the explanation thereof is omitted. 

However, the junction structure between the emitting side optical fiber 
la and the emitting side planar microlens 2 can be improved as shown in FIGS. 2(b) or 
2(c). 

In the example shown in FIG. 2(b), the end surface of the emitting side 
optical fiber la and the end surface, contacting therewith, of the emitting side planar 
microlens 2 are polished to incline 2 to 10 degrees. With this, it is possble to prevent 
the reflection light caused by the slight difference in the refractive indices of the emit- 
ting end of the optical fiber and the microlens array substrate from directly going back 
to the fiber, and thereby the reflection noise can be reduced. 

In the example shown in FIG. 2(c), the emitting side planar microlens 2 
is comprised of two sheets of microlens array. With this, it is possible to meet the ne- 
cessity of a lens having a large numerical aperture (NA). For example, when each sheet 
of microlens arrays has a numerical aperture of 0.2, two sheets of microlens arrays have 
a numerical aperture of about 0.4 in total. 

The junction structure between an emitting side optical fiber and the 
emitting side planar microlens can be applied to the receiving side optical fiber and the 
receiving side planar microlens. 

As mentioned above, the condition for obtaining the maximum effi- 
ciency in the optical system which is from the emitting side optical fiber la through the 
receiving side optical fiber 5a is that dl is equal to L / 2. When the width of the waist at 
the emitting side is designated by 2W0, the width of the waist after passing the lens is 
designated by 2W1, the focal length of the lens is designated by f, the wavelength is 
designated by X, and the distance between the waist at the emitting side and the lens is 
designated by dO. The distance dl between the lens and the waist after passing there- 
through is expressed by the following equations (1) and (2). (Reference book: Basis and 



Application of Optical Coupling System (chapters three and four)" published with 
GENDAIKOGAKUSHA and written by Kenji KAWANO.) 



Equation 1 



dl = 



-do 



do 



V 



+ 



(. _ do Y 
f ; 



Equation 2 
©1 



Vcoo; 



TCCOO 



+ 



1- — I 



The result of a simulation, in which the wavelength is set at 1.5 5 jum, 
the mode field diameter of the fiber is set at 10.5 jam, the focal length of the planar mi- 
crolens is set at 700 ]im, and the abovementioned equations are used, is shown in FIG. 
4. 

FIG. 5 explains the relationship between the distance dO and the dis- 
tance dl shown in FIG. 4 in relation to the coupling condition. It turns out that the dis- 
tance dl becomes larger as the distance dO is gradually made larger from the smallest 
value (around 700 jam in this embodiment). 

As mentioned above, it is necessary to position the intermediate waist at 
L / 2 for the coupling condition in the collimator optical system. In this embodiment, if 
La is equal to 8 mm, it is necessary that dl be equal to 4 mm, and two conditions of dO 
for satisfying this are obtained from equation (1). These are dO-2 = 725.4 jam and 
dO-4 - 823.1 pm in FIG. 4. 

As shown in FIG. 5, in a case of another value d0-l, the beam waist is 
positioned to the side of the emitting side planar microlens, and thereby an accurate 



coupling is not obtained. On the other hand, in a case of another value dO-3, the beam 
waist is positioned to the side of the receiving side planar microlen^ and thereby an ac- 
curate coupling is not obtained,either. In such cases, no beam waist is formed at a re- 
ceiving side fiber array the mode field diameter of which is the same as the emitting 
side fiber array i.e., 10.5 jum, or the width of the formed beam waist is larger or smaller 
than 10.5 jam, and thereby the coupling efficiency is decreased. 

The insertion loss (coupling rate r|) can be calculated using the following equa- 
tion (3) after the width 2W2 of the waist at the receiving side fiber is obtained by appV- 
ing the above-mentioned equation (2) to each of two planar microlenses. 



Equation 3 
r| = k exp 
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K 



fxo 



1 



■ + ■ 



1 



[ 2 ^coo 2 col 2 
4 



'coo colV ( XL ^ 



+ 

col coo 



+ 



71COOC01 



In equation 3, Z indicates the shift of the waist position from the end 
surface of the receiving side fiber in the direction of the optical axis. This is also ob- 
tained by applying the above-mentioned equation (1) two times. Further, xo indicates 
the shift amount of the beam waist in the transverse direction. 

The insertion loss, which is obtained by adding the variation of the op- 
tical length L to the two conditions of the distance dO between the waist at the emitting 
side and the lens, using equation 3, is shown in FIG. 6. FIG. 6 shows that the smaller 
one of the two conditions of the distance dO is preferable for the present case. 

As mentioned above, in a collimator array device having an optical 
switch array, the optical length L is varied depending on the combination of the emitting 
side optical fiber and the receiving side optical fiber. Such a variation of the optical 
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length L causes the shift of the beam waist position of the laser beam emitted from the 
end surface of the receiving side planar microlens. It is difficult to canpletely prevent 
such a shift because of the structure of a collimator array device. 

However, by selecting the smaller one (dO-2) of the distances which 
satisfy dl = L / 2 i.e., 725.4 jim in this embodiment, it is possible to reduce the insertion 
loss due to the shift at the time of coupling. 

In another embodiment shown in FIG. 7, one edge of the emitting side 
planar microlens 2 and the receiving side planar microlens 4 is fixed with a supporting 
body 6. However, the other portions are not fixed so as to expand and shrink depending 
on the thermal variation. 

As mentioned above, if the materials for the fiber array and the planar 
microlens are different, the linear expansivities thereof are also different. As a result, 
the center of the lens is shifted with regards to the optical axis. 

FIG. 9 is a graph showing the relationship between the direction of the 
shift of the emitting side microlens and the receiving side microlens and the insertion 
loss. If the emitting side microlens 2 and the receiving side iricrolens 4 are shifted in 
contrary directions with regards to the optical axis, as shown in FIG. 8(a), the beam 
waist of the laser beam emitted from the receiving side microlens 4 is greatly deviated 
from the end surface of the single mode optical fiber 5a of the receiving side fiber array 
5. Therefore, one specific edge of the emitting side planar microlens 2 and the receding 
side planar microlens 4 is fixed with a supporting body 6. 

For example, one edge is pushed onto a rigid body and fixed by adhe- 
sion or fusion. The other edge is loosely supported with a soft adhesive of relatively 
low Young's modulus (not shown). 

In another embodiment of a method of fixing the planar microlens 
shown in FIG. 10, two adjacent edges of the emitting side planar microlens 2 and the 
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receiving side planar microlens 4 are fixed with a supporting body 6. The other potions 
are not fixed, so that it is possible to expand and shrink. 

In the drawings, an optical switch array is shown as an optical func- 
tional element. However, the present invention can be applied to a collimator array de- 
vice in which anonther optical functional element for varying the optical length L is in- 
stalled, for example, a demultiplexing filter or the like. It is not limited to an optical 
switch array. 

The planar microlens array according to the present invention is not 
limited to one in which microlenses are formed on one sheet of substrate as a unity. It is 
also possible to use a microlens array which is obtained by arranging, for example, ball 
lenses, graded index rod lenses, aspherical lenses, or the like, based on a substrate, a 
holder, a housing, or the like. In such a case, a designing method according to the pre- 
sent invention can be applied in the same way. Also, a method of fixing a mcrolens 
according to the present invention can be applied to a microlens array together with a 
substrate or a holder for arranging the microlens array. 

The example of the values described in the embodiment is only one ex- 
ample. With regards to the values of a fiber, a wavelength, the focal length of a lens, or 
the like, which is used in the present device, an adequate value may be respectively cd- 
culated using equations 1-3 in accordance with the description of the present specifica- 
tion. In such cases, the same effect can be obtained. 

Further, in the above-mentioned embodiment, a planar microlens, 
which is a convergent lens, is used. However, it is not limited to a planar mcrolens. A 
homogenous lens such as a spherical lens; an aspherical lens, or the like; a graded iidex 
lens such as a graded index in radical direction rod lens, a graded index in axis direction 
spherical lens, or the like; and Fresnel lens or the like may be used. 

However, by using a planar microlens, since it has lenses which are ar- 
ranged on the same plane, a laborious process for arranging and fixing respective lenses 



can be saved. Advantageously, with regards to a planar microlens, each lens is formed 
with an ion exchange or a wet etching via a photomask, and thereby the arranging por- 
tion of each lens has high accuracy. In addition, a planar microlens is manufactured 
with one process such as an ion exchange or the like, and thereby the differences in the 
performance of the focal length, the spherical aberration, or the like, can be greatly re- 
duced. 

According to the present invention, as explained above, there is pro- 
vided a method of designing a collimator array device, comprising the steps of: calculat- 
ing a mean value La of the optical length L of the laser beam which passes from an 
emitting side lens (a planar microlens) through a receiving side lens (a planar mi- 
crolens), obtaining two values of the distance dO between an emitting side fiber array 
and an emitting side lens (a planar microlens) in which the distance from the emitting 
side lens (a planar microlens) through the beam waist of the laser beam collimated by 
the emitting side lens (a planar microlens) is equal to La / 2, and selecting the smaller 
value. As a result of this, not only an accurate coupling can be conducted, but also the 
insertion loss because of the variation of the optical length can be reduced as much as 
possible. 

Further, according to a fixing method of the present invention, even if 
the materials for the fiber array and the planar microlens are different in a thermal ex- 
pansion coefficient, it is possible to prevent the loss due to the shift with regards to the 
optical axis which is caused by the difference in a thermal expansion coefficientfrom 
increasing. 
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